Objective. Reactive arthritis (ReA) is an inflammatory disorder occurring several weeks after gastrointestinal or genitourinary tract infections. HLA-B27 positivity is considered a risk factor, although it is not necessarily predictive of disease incidence. Among nongenetic factors, the intestinal microbiome may play a role in disease susceptibility. The objective of this study was to characterize the gut microbiota and host gene interactions in ReA and postinfectious spondyloarthritis.
such as erythema nodosum, keratoderma blennorrhagicum, and circinate balanitis (1) . The classic enteropathogenic bacteria associated with ReA are Yersinia, Salmonella, Shigella, and Campylobacter, while Chlamydia is the most common cause of ReA following GU infections (1) . However, Escherichia coli (2) and Clostridium difficile (3) have also been implicated.
The mechanism of postinfectious peripheral SpA and ReA development remains elusive. HLA-B27 positivity has long been studied as a genetic risk factor for the disease (4) . It is highly prevalent in Caucasian Northern Europeans, but virtually absent in other populations that develop ReA (5) . In fact, several recent epidemiologic studies estimate that no more than half of individuals who develop ReA are HLA-B27 positive (6) , while the presence of the allele has poor predictive value for the development of disease (7) . Furthermore, cases of ReA are seldom diagnosed in the US (8) , and the ones encountered are typically in immigrant populations (9) . However, ReA is much more prevalent in the native population of Central America and particularly in Guatemala, where HLA-B27 positivity is low (10) .
Unlike septic arthritis, which directly results from joint infection by pathogenic microorganisms, synovial fluid cultures in ReA are sterile, implying the possibility of an autoimmune phenomenon. Several models of ReA pathogenesis have been proposed. They include the persistence of causative agents that trigger an exaggerated immune response; intracellular uptake and trafficking of bacteria (or their components) into the synovium causing inflammation; biomolecular mimicry, whereby bacterial antigens have host immunologic homology but are different enough to induce an immune response in synovial fluid; Toll-like receptors (TLRs), particularly TLR-2, recognizing bacterial ligands and activating an immune cell response; and intestinal infection resulting in gut permeability, allowing luminal antigens to interact with the host immune system and cause distal joint inflammation (11, 12) . In support of the last model, recent investigations indicate that synovial fluid from individuals with ReA contains potentially immunogenic products, such as bacterial DNA, antigenic proteins, and lipopolysaccharides (13, 14) .
Another potential risk factor that has not been explored is the collection of commensals and pathogenic microorganisms residing in the gut, namely, the intestinal microbiome. Given the close relationship between gut infection and ReA, the microbiome likely plays a role in susceptibility to disease. To date, there have not been any studies looking at the intestinal microbiota as it relates to ReA or postinfectious peripheral SpA development. The objective of this study was to characterize the gut microbiota of subjects who had previous GI or GU infections and evaluate for differences between those who developed postinfectious peripheral SpA and those who did not in a region highly prevalent for the disease. We also explored whether clinical phenotype, host genetics, and treatment strategies were associated with significant intestinal microbiota perturbations.
SUBJECTS AND METHODS
Study participants. Thirty-two subjects with ReA (postinfectious peripheral SpA) and 32 control subjects were prospectively enrolled from July to October 2014 in Guatemala City, Guatemala (an area with a high prevalence of ReA) through the Guatemala-Penn Partners Initiative (15) . Subjects with ReA were recruited from 2 rheumatology clinics: Asociacion Guatemalteca Anti Enfermedades Reumaticas and Clinica Medica Especializada en Reumatologia. Controls were recruited from primary care clinics. Inclusion criteria were ages 18-55 years and preceding GI, GU, or sexually transmitted infection within 3-6 months prior to enrollment. All preceding infections and antibiotic use were subject-reported. Subjects with GI infections had preceding diarrhea, and those with GU infections had dysuria, frequency, and occasionally, hematuria. Stool or urine culture at the time of infection was not available. Exclusion criteria were an alternative diagnosis of inflammatory bowel disease (IBD), psoriasis, another inflammatory arthritis or autoimmune disease, and/or active malignancy. ReA was diagnosed by a study rheumatologist and in accordance with the Assessment of SpondyloArthritis international Society criteria for peripheral SpA (16) , based on the triad of characteristic musculoskeletal findings, patient-reported history of GI/GU infections, and lack of evidence for alternative diagnosis. Although we use the term ReA throughout, our patient population can be more accurately defined under the broader category of postinfectious peripheral SpA, given the absence of confirmatory cultures/serology.
Subject evaluation and sample collection. After providing informed consent, all subjects were evaluated by a rheumatologist, who took a detailed clinical history and performed a physical and musculoskeletal examination. History of uveitis was subjectreported, although 75% of cases were diagnosed by an ophthalmologist and subsequently referred to a rheumatology clinic. Blood was obtained for standard laboratory testing and HLA typing, while fecal samples were collected for microbiota analysis around the time of study enrollment. Cultures of specific bacteria were not performed. All subjects also underwent plain radiography of the sacroiliac joints and an ultrasound of the bilateral Achilles tendons. Further details are described in Supplementary Materials, available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40359/abstract.
DNA extraction and sequencing. Fecal samples were stored at -80°C until processing. Bacterial DNA was extracted using a MoBio Power Soil kit and bead-beater for mechanical disruption following a previously described protocol (17) . To determine gut microbiota composition, high-throughput DNA sequencing of the V4 hypervariable region of bacterial 16S ribosomal RNA (rRNA) was performed using a MiSeq Illumina platform (150-bp read length, paired-end protocol) at the New York University Genome Technology Center. Further details are described in Supplementary Materials, http://onlinelibrary.wiley. com/doi/10.1002/art.40359/abstract.
Sequence analysis. The 16S rRNA sequences were analyzed using a Quantitative Insights into Microbial Ecology (QIIME) pipeline, version 1.9.1 (18) , and R software, version 3.3.1 (19) . Reads were demultiplexed and sequences were clustered into operational taxonomic units (OTUs) using closedreference OTU picking based on ≥97% similarity with the Greengenes reference database (20) . Each OTU count was normalized to the total sum of counts in the sample. The QIIME pipeline and the vegan library in R were used to construct alpha diversity plots to measure the diversity within a sample by looking at species richness (number of species present) and evenness (relative abundance of different species). Weighted UniFrac was used to construct beta diversity of bacterial communities to measure the distance or dissimilarity between sample pairs (21 Linear discriminant analysis (LDA) effect size (LEfSe) method. Bacterial taxa whose relative abundances were significantly different between groups were identified using the LEfSe method (22) . A log LDA score of >2 was the threshold for discriminating between phenotypic groups. Given that the LEfSe method does not use multiple hypothesis testing, false discovery rate (FDR) analysis with a threshold value of <0.2 and Bonferroni analysis with a threshold value of <0.05 were subsequently applied to identify the main differentiating taxa.
Co-occurrence network analysis. OTUs with more than one count were selected and clustered at the family level. Correlations between families were calculated using SparCC (23) with 20 iterations and 500 bootstraps. Nonsignificant correlations (P < 0.05, 2-sided) were then discarded. The remaining correlations were loaded into Cytoscape software, version 3.0.2 (24) , to be visualized as a co-occurrence network, where each node represents a bacterial family and edges between nodes represent their correlations, with shorter edges indicating stronger correlations. The network was displayed using the edge-weighted spring-embedded metrics layout, with positive correlations in blue and negative ones in gray. We then searched for maximal cliques using the Bron-Kerbosch algorithm (25) as implemented in the NetworkX Python package (26) to identify subsets of bacteria that belong to the same clique, which may reflect synergistic cooperation among the taxa.
Statistical analysis. Statistical analyses were performed with R software and GraphPad Prism software, version 7.0b (27) . For baseline characteristics, a chi-square test was used for dichotomous variables and an independent t-test for continuous variables. A chi-square test was also used to calculate differences in prevalence of usual intestinal enteropathogens between subjects with ReA and control subjects. The Mann-Whitney U test was used to 
RESULTS
Characteristics of the study population. Demographic characteristics of the study population are shown in Table 1 . A total of 64 subjects were prospectively enrolled in the study; 32 had postinfectious peripheral SpA and 32 served as controls. All subjects reported preceding GI and/or GU infections 3-6 months prior to enrollment. None reported sexually transmitted infections. Treatment of those infections with antibiotics was reported in 62.5% of subjects with ReA and 46.9% of controls. The majority of subjects were female and racially identified as mixed (Mestiza) or native (Indigena). Very few participants carried an HLA-B27 allele.
All subjects with ReA and no control subjects had peripheral arthritis (P < 0.0001); subjects with ReA had an average of 5 tender joints (predominantly large joints). Ultrasound-identified Achilles tendon enthesitis was seen in 14 subjects with ReA (43.8%; compared with 6.3% of controls [P = 0.0005]). The average number of tender entheses was 5, with the Achilles tendon being the most common. Radiographic sacroiliitis was demonstrated in 18 subjects with ReA (56.3%; compared with 50.0% of controls [P not significant]). This was mostly grades I and II, showing sclerosis without presence of erosions. Finally, 20 subjects with ReA reported a prior diagnosis of uveitis (62.5%; compared with 6.3% of controls [P < 0.0001]). Additional demographic data have been described elsewhere (28) .
Gut microbiota diversity in subjects with ReA and controls. A total of 64 fecal samples were obtained from subjects with ReA and controls and sequenced. There was Figure 1 . Linear discriminant analysis (LDA) effect size analysis of subjects with reactive arthritis (ReA) and controls (Ctrl). Top, LDA demonstrates that enteropathogens were enriched in subjects with ReA, while commensals were enriched in control subjects. Bottom, Cladogram shows the relationships among differentiating taxa between subject groups. The log LDA score was >2 for all taxa. None passed false discovery rate or Bonferroni correction thresholds. f = family; g = genus; UC = unclassified. a mean of 74,382 reads per sample after sequencing (range 46,483-122,511; median 71,233). Using a distancebased similarity of ≥97% to define OTUs, we identified a total of 5,356 unique OTUs. There were no statistically significant differences in alpha diversity (within-subject diversity as estimated by the total number of unique OTUs, the Shannon diversity index, and Faith's Phylogenetic Diversity index) between subjects with ReA and controls (see Supplementary Figures 1A-C, http://online library.wiley.com/doi/10.1002/art.40359/abstract). However, there was a trend toward overall decreased diversity in the ReA group using the Shannon index (P = 0.069), a finding also described in a study of psoriatic arthritis (PsA) patients (29) . Evaluation of microbial similarity between subjects with ReA and controls using principal coordinate analysis based on weighted UniFrac distances showed no distinctive clustering patterns among samples (see Supplementary Figure 1D ). Furthermore, there were no statistically significant differences in alpha or beta diversity when subjects were grouped by whether they had received antibiotics to treat their preceding infections (see Supplementary  Figure 2A , http://onlinelibrary.wiley.com/doi/10.1002/art. 40359/abstract). There was insufficient power to detect a difference in the case of sulfasalazine (see Supplementary Figure 2B ), a frequently used medication with known antibiotic properties.
Specific intestinal taxa differentiate ReA samples and correlate with phenotypic manifestations. We applied the LEfSe method to determine whether specific individual bacterial taxa were differentially enriched in subjects with ReA compared with controls ( Figure 1 ). Subjects with ReA had a significantly higher abundance of Erwinia and Pseudomonas, 2 known intestinal enteropathogens. This finding contrasted with control individuals, in whom the relative abundance of several genera, most of them considered to be commensals, was enriched, including Blautia, Coprococcus, Roseburia, and Collinsella (log LDA score >2; none passed FDR or Bonferroni correction thresholds).
To further characterize the presence of intestinal enteropathogens typically associated with ReA, we focused our attention on sequences belonging to Salmonella, Shigella, Campylobacter, and Erwinia (a taxon that has ≥97% identity with various species of Salmonella, Shigella, and Yersinia by BLAST search). Interestingly, while fewer than half of control subjects carried any of these taxa, 71.9% of subjects with disease had sequencing evidence of at least 1 such bacterium (P = 0.042) (see Supplementary Figure 3 , http:// onlinelibrary.wiley.com/doi/10.1002/art.40359/abstract).
Clinical and radiographic metadata showed that alpha diversity was significantly lower in subjects with , and TM7 (phylum) were enriched in subjects with radiographic sacroiliitis (B), all passing the false discovery rate (FDR) correction threshold. Fusobacteriales (order), Fusobacteria (class), and Fusobacteria (phylum) were enriched in subjects with uveitis (C), passing both FDR and Bonferroni correction thresholds. Although not achieving FDR or Bonferroni significance, Campylobacter was enriched in subjects with enthesitis (A), unclassified Ruminococcaceae was enriched in subjects with sacroiliitis (B), and Erwinia was enriched in subjects with uveitis (C). Dialister was independently enriched in subjects with sacroiliitis (B) and those with uveitis (C). The log LDA score was >2 for all taxa. * = passed FDR correction threshold; ** = passed FDR and Bonferroni correction thresholds. f = family.
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MANASSON ET AL Figure 3 . Alpha diversity (left) and beta diversity (right) for subjects grouped by HLA alleles. A and B, Alpha diversity was significantly lower in subjects carrying the HLA-A24 allele (A) and the HLA-B35 allele (B). Correspondingly, differences in beta diversity were also seen in subjects with HLA-A24 (A) and subjects with HLA-B35 (B). C, There were too few HLA-B27-positive subjects to calculate a statistical difference. Alpha diversity was determined by the Shannon diversity index. Symbols represent individual subjects. Data are shown as box plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes represent the median. Lines outside the boxes (whiskers) represent the most extreme data points that do not exceed the range times the interquartile range from the box. If no points exceed that distance, then the whiskers represent the minimum and maximum values. Beta diversity, represented by principal coordinate (PC) analysis, was determined by weighted UniFrac distances. Statistical significance was calculated using the Mann-Whitney U test for alpha diversity and the Adonis (Permanova) test for beta diversity. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40359/abstract. ultrasound evidence of enthesitis (see Supplementary Figure 4A , http://onlinelibrary.wiley.com/doi/10.1002/art. 40359/abstract), and beta diversity was significantly different in subjects with radiographic evidence of sacroiliitis (see Supplementary Figure 4B ). There were no diversity differences between subjects with and those without uveitis (see Supplementary Figure 4C ). However, specific taxa were enriched when these manifestations were present, as shown using the LEfSe method. In particular, unclassified Alphaproteobacteria (genus and order) were enriched in subjects with enthesitis (Figure 2A ), while Clostridia (class), TM7_3 (class), Firmicutes (phylum), and TM7 (phylum) were enriched in subjects with sacroiliitis ( Figure 2B ), all passing the FDR correction threshold. Fusobacteriales (order), Fusobacteria (class), and Fusobacteria (phylum) were enriched in subjects with uveitis, passing both FDR and Bonferroni correction thresholds ( Figure 2C ). Although not achieving FDR or Bonferroni significance, Campylobacter was overrepresented in subjects with enthesitis ( Figure 2A ), while unclassified Ruminococcaceae was overrepresented in subjects with sacroiliitis ( Figure 2B ) and Erwinia in subjects with uveitis ( Figure 2C ). Interestingly, the genus Dialister was independently enriched in subjects with sacroiliitis ( Figure 2B ) and those with uveitis ( Figure 2C ). Host genes determine the intestinal microbial community composition. To investigate whether other host metadata associated with the intestinal microbiota composition, we performed correlative analyses between taxonomic communities at all hierarchical levels, patient metadata, and HLA alleles. No significant differences were observed in alpha or beta diversity when subjects were grouped by sex (see Supplementary Figure 5A , http:// onlinelibrary.wiley.com/doi/10.1002/art.40359/abstract) or body mass index (see Supplementary Figure 5B ). Although there were statistically significant differences when subjects were grouped by race (see Supplementary Figure 5C ), further exploration revealed that this distinction was largely determined by HLA status.
Alpha diversity was significantly lower in those carrying the HLA-A24 allele (P < 0.0001) ( Figure 3A) , as well as in those positive for HLA-B35 (P = 0.010) (Figure 3B) , irrespective of race and disease status. However, the presence of HLA-A2 (see Supplementary Figure 6A , http://onlinelibrary.wiley.com/doi/10.1002/art.40359/abstract) and HLA-C7 (see Supplementary Figure 6B ) did not correlate with differences in gut microbiota diversity. Correspondingly, differences in beta diversity were also seen in subjects with HLA-A24 (P = 0.002) ( Figure 3A) and HLA-B35 (P = 0.041) ( Figure 3B ), an effect not correlated with prior antibiotic use. Given the low prevalence of HLA-B27-and HLA-B15-positive individuals, there was insufficient power to detect statistically significant differences in diversity for HLA-B27 ( Figure 3C ) or HLA-B15 (see Supplementary Figure 6C ). To exclude the possibility that these changes were biased by the low number of Caucasians or by antecedent GU infections, we repeated the analysis excluding Caucasians and including only GI infections, noting similar results in both cases (see Supplementary Table 1 , http://onlinelibrary.wiley.com/doi/10.1002/art. 40359/abstract).
Interrelations of gut microbiota and metadata in ReA. To gain better insight into specific taxa driving these host-microbiome interactions, we examined the relationship between the gut community composition and HLA-A24 allele status. LEfSe analysis demonstrated a number of taxa that were distinct between the HLA-A24-positive and HLA-A24-negative groups (Figure 4 ). Of the genera that passed the FDR correction threshold, the relative abundance of Prevotella was significantly higher in subjects with an HLA-A24 allele (see Supplementary Figure 7A , http://onlinelibrary.wiley.com/doi/10.1002/art.40359/abstract). At the family level, Prevotellaceae was more abundant in the HLA-A24-positive group (see Supplementary Figure 7B) , while Rikenellaceae and Ruminococcaceae were more abundant in the HLA-A24-negative group (see Supplementary Figures 7C and D) .
To identify groups of bacteria that might be synergistically correlated with HLA-A24, we performed network analysis to determine bacteria that co-occurred with taxa identified using the LEfSe method and that were also predictive of HLA-A24 status. Representative groups (maximal cliques; see Subjects and Methods) of bacteria at the family level are shown in Figure 5 . Taxa in cliques comprising Ruminococcaceae-Rikenellaceae-Coriobacteriaceae ( Figure 5A ) and Lachnospiraceae-Micrococcaceae-Bifidobacteriaceae ( Figure 5B ) were all enriched in the HLA-A24-negative cohort, and each bacterium had predictive power for HLA-A24 status. In the clique comprising Prevotellaceae-Sphingobacteriales (unclassified)-Elusimicrobiaceae ( Figure 5C ), only Prevotellaceae was enriched in the HLA-A24-positive cohort and had predictive power for HLA-A24 status.
DISCUSSION
In this study, we found that the prevalence of enteropathogens in subjects with ReA and postinfectious peripheral SpA was significantly increased, while several gut commensals were decreased. Intriguingly, host genetics was a major driver of microbiota richness and diversity, irrespective of disease status.
Along with IBD-related arthritis and Whipple's disease, ReA represents one of the clearest examples of 248 MANASSON ET AL Figure 4 . Linear discriminant analysis (LDA) effect size analysis of HLA-A24-positive and HLA-A24-negative subjects. LDA demonstrates that HLA-A24-negative subjects had more differentiating taxa overall compared with HLA-A24-positive subjects. A number of genera passed the false discovery rate (FDR) correction threshold. Most notably, Prevotella was enriched in subjects who had the HLA-A24 allele. The log LDA score was >2 for all taxa. * = passed FDR correction threshold; ** = passed FDR and Bonferroni correction thresholds. g = genus; f = family; p = phylum; c = class; o = order.
the "gut-synovial" axis spectrum disorders. The pathogenesis of ReA, however, has been studied only in the context of culture-dependent microbiology methods. The overall consensus in the field is that intestinal pathogens, most notably Yersinia, Salmonella, Shigella, and Campylobacter, are triggers of systemic articular inflammation (1). Multiple groups have linked the intestinal microbiota of animals and humans to host genetics, gut inflammatory responses, and the different clinical phenotypes of SpA (12) . Two decades ago, Rath and colleagues and Taurog and colleagues determined that luminal bacteria mediated the development of arthritis and colitis in HLA-B27-transgenic rats (30, 31) . Since then, many studies have contributed findings corroborating this observation. Work investigating genetically susceptible animals has shown that gut dysbiosis activates a Th17-mediated immune response in the host's intestinal lamina propria, thereby promoting local and systemic inflammation in the form of joint disease (32, 33) . Clinically overt and subclinical histologic and molecular markers of gut inflammation have also been found in patients with ankylosing spondylitis (AS) (34) and in those with PsA (35) . Furthermore, a recent study demonstrated that an outer membrane protein of Salmonella typhimurium can induce synovial fluid mononuclear cells in patients with ReA to up-regulate cytokines associated with the interleukin-23 (IL-23)/IL-17 axis (36).
This was followed by several communications describing a dysbiotic process in patients with new-onset rheumatoid arthritis (RA) (37), animal models of SpA (38, 39) , and cohorts of patients with SpA, including AS (40, 41) and PsA (29) . A summary of these findings in humans and animal models can be found in a recent review by our group (42) . Consistent with these data, our Figure 5 . Co-occurrence network analysis at the family level. Left, Entire network of relationships among taxa. Right, Specific cliques of taxa in corresponding networks at left, which co-occur with one another and with at least 1 taxon in each clique having predictive power for HLA-A24 allele status. In the overall network and cliques, edge lengths are inversely proportional to the strength of the correlation or the strength of predictive power that distinguishes between HLA-A24-positive and HLA-A24-negative groups. In the case of taxa that were enriched in the HLA-A24-negative cohort, each individual taxon also had predictive power for HLA-A24 status (A and B). Only Prevotellaceae was enriched in the HLA-A24-positive cohort and had predictive power for HLA-A24 status (C).
research demonstrates that subjects with ReA were characterized as having a decreased abundance of commensals in their gut microbiota compared with controls, which were enriched in the family Lachnospiraceae with associated genera-Blautia, Coprococcus, Roseburia, and Collinsella. Interestingly, there was a concomitant increase in the prevalence of enteropathogens in the ReA group, particularly Pseudomonas and Erwinia, a taxon that has ≥97% identity with the usual ReA-associated gut bacteria.
To our knowledge, this is the first culture-independent, high-throughput DNA sequencing study characterizing the overall gut community composition in postinfectious peripheral SpA. Prior efforts were directed toward only a handful of culturable organisms (1), and investigators did not report on the presence or abundance of intestinal commensals. Our findings suggest that even when the overall bacterial composition is not significantly different from that in controls, a decrease in several potentially protective bacteria could prime genetically susceptible individuals with GI or GU infections to develop ReA. This contrasts with subjects who eventually contain the immune response to the lamina propria due to the prevalence of commensals. Intriguingly, 2 of the underrepresented commensal taxa in ReA-Lachnospiraceae and Coprococcus-were also decreased in patients with new-onset PsA (29) . Similarly, we found a positive correlation between the presence of the genus Dialister and the development of both uveitis and sacroiliitis. This same genus has recently been reported as a marker of disease activity in AS (41) . Since ReA, AS, and PsA all belong to the SpA spectrum of diseases, it is plausible that a perturbation in the intestinal microbiota constitutes yet another common environmental risk factor among patients with these disorders. It remains to be elucidated whether the perturbations are a cause or a consequence of SpA-related inflammation.
Although the relative abundance of the usual enteropathogens associated with postinfectious peripheral SpA was expectedly low (<1% abundance for each microorganism), there was a significantly higher prevalence of such taxa in subjects with ReA compared with controls, as seen in other autoimmune conditions such as IBD (43) and further validating prior culture-dependent observations. Interestingly, the majority of ReA cases were reported in the months of April through July (28) . This seasonal effect could be a determinant of disease development as it may correlate with differences in the types of pathogens that are present.
Perhaps even more remarkable is the observation that certain HLA alleles seemed to determine microbiota composition in both health and disease. These effects were independent of either disease status or prior antibiotic use. A similar finding was reported in an RA-like murine model, where HLA-transgenic mice carrying the DRB1*0401 gene were more susceptible to collagen-induced arthritis. These mice showed gut microbiome dysbiosis and enrichment with Clostridium-like bacteria (44) . In our study, there were significant differences in intestinal community diversity and species composition associated with HLA-A24 and, to a lesser degree, with HLA-B35. Such differences, however, were not seen with the HLA-B27 allele, which was present in only a minority of subjects. This was not surprising since prior work indicates that only 4% of Guatemalan patients with SpA are HLA-B27 positive (10) . On the other hand, the frequency of the HLA-A24 allele in American Indian populations is quite elevated and estimated to be >20% (45) . The presence of this allele has also been associated with a number of autoimmune diseases in non-Caucasians, including type 1 diabetes mellitus in Japan (46) and RA in a Moroccan cohort (47) . Most relevant to the present study, HLA-A*2402 also correlated with AS in a Basque cohort, independently of HLA-B27 status (48) . Multiple lines of evidence therefore suggest that microbial-host gene interactions conferring susceptibility to autoimmune disease can vary significantly among ethnic populations, particularly with respect to HLA alleles.
When we surveyed the microbiota composition, Prevotella (genus) and Prevotellaceae (family) were more abundant in subjects who were HLA-A24 positive. Prevotella has been implicated in the pathogenesis of RA. In particular, Prevotella copri correlated with disease in patients with new-onset RA, while the relative abundance of P copri was lower in subjects who had the DRB1 shared epitope RA risk alleles (37) . This suggests that a certain threshold for P copri abundance may be necessary to overcome the lack of genetic predisposition in the case of subjects with RA. In the case of ReA, it is possible that the co-occurrence of Prevotella with HLA-A24 is necessary but insufficient as a triggering factor for postinfectious arthritis unless there is a concomitant reduction in beneficial, gut-protective commensals.
Interestingly, Ruminococcaceae and Rikenellaceae were more abundant in HLA-A24-negative subjects. Furthermore, Ruminococcaceae and Rikenellaceae occurred with one another, and each had predictive power for HLA-A24 status. Studies of HLA-B27-transgenic rats that exhibit many features of SpA also revealed a higher abundance of Prevotella and a lower abundance of Rikenellaceae (38) . Moreover, terminal ileum biopsy samples from subjects with AS had a higher abundance of Ruminococcaceae and Rikenellaceae and a lower abundance of Prevotellaceae (40) . Although these data could represent a true correlation with disease status, analysis with co-occurrence and host genetics was not performed since all participants with AS were HLA-B27 positive.
Taken together, our findings further support the possibility that host genetics can prime gut microbiome features to trigger autoimmunity in susceptible individuals. We propose that, moving forward, the characterization of these gene-microbiome interactions should be an integral part of any correlative human studies to avoid potential confounders that could implicate taxa in disease processes.
We acknowledge several limitations of our study. First, there was a relatively small number of participants and geographic/ethnic homogeneity, rendering the results less generalizable to other populations. However, this could also represent a strength, since this is a cohort that has not been previously evaluated, offering a new outlook on ReA pathogenesis, especially with respect to host genetics. Second, our study did not incorporate microbiota of controls without preceding GI or GU infections. Although we are not aware of any studies that have characterized the bacterial communities of the healthy native and mixed populations in Guatemala, a recent study of uncontacted American Indians in Venezuela showed a high abundance of Prevotella and low abundance of Bacteroides (49) .
Another limitation relates to the lack of a timely and culture-proven diagnosis of preceding infections, which is a widely acknowledged challenge in ReA research and in most cases of ReA diagnosed in the clinical setting (50) . In fact, stool cultures can occasionally confirm a preceding or concomitant infection with a classic ReA pathogen, but by the time subjects develop arthritis, their symptoms have usually resolved and the pathogens are no longer retrievable. Furthermore, serologic tests are nonspecific and are only able to demonstrate prior immunity rather than causality. For these reasons, we relied on a subject-reported history of antecedent infection, but we acknowledge that some of the infections could have been viral or secondary to other etiologies (i.e., postinfectious peripheral SpA being a more precise definition of our patient population). We also detected enteropathogens in the ReA cohort of our study, which only implies persistence of an organism's DNA, as 16S rRNA gene sequencing studies do not allow for viability determination. However, this may be of relevance since the pathogenesis of ReA is yet unknown, and some hypotheses suggest that microbial components may drive the downstream inflammatory response (12) .
Uveitis was another self-reported variable, and it is possible that some of the cases were actually conjunctivitis or other related conditions. Nevertheless, 75% of the subjects were seen by an ophthalmologist, deemed to have uveitis, and subsequently referred to a rheumatology clinic, so misdiagnosis is less likely. We also note that the incidence of sacroiliitis was unexpectedly high in both the arthritis and control groups. Because most of these cases were adjudicated as grade I sacroiliitis, it is possible that this could represent overreporting, which is also quite common in clinical practice. Unfortunately, we could not pursue further blinding or centralized readings for confirmatory purposes, and therefore, these findings should be interpreted with caution.
The use of antibiotics for the treatment of infections prior to sample collection may have also had a dysbiotic effect on the gut microbiome. However, our results were independent of antibiotic use. In the future, baseline and postarthritis characterization of microbial communities in at-risk populations may help us to discern these perturbations in a prospective manner. Complementary studies using metagenomics and metabolomics platforms will also be needed to better understand the role of gut bacterial enzymes and their byproducts in ReA pathogenesis.
In summary, the findings of this study further enhance our understanding of ReA and postinfectious peripheral SpA in a non-HLA-B27-dominated population. Using a high-throughput DNA sequencing approach, we identified several organisms that are differentially present in samples from subjects with ReA compared with those from controls. These taxa and the lack of specific commensals, as well as the associated changes in immune response, will require further research and validation in other cohorts. The effect of host genetics on shaping the human microbiome in health and disease is also intriguing and could shed light on our understanding of the symbiotic relationship between host and community diversity and composition. Furthermore, it is plausible that the combination of exposure to known pathogens, host genetics, and the makeup of commensal microorganisms could confer susceptibility to the development of ReA, postinfectious peripheral SpA, and other variants of the SpA spectrum disorders. Future mechanistic research coupled with welldesigned prospective human cohorts is needed to close these knowledge gaps in the field.
